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Author Questionnaire:
1. Microscopy: Does your protocol involve video microscopy? N 
2. Does your protocol include software usage? N
3. Which steps from the protocol section below will viewers benefit most from having filmed? 2.6, 2.7, 2.8, 3.7, 3.8
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? 2.7, 2.8: I used the thioketone and diazo compounds freshly.
5. Will the filming need to take place in multiple locations? N

Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.
Jiawen Chen: This protocol provides the first example of visualizing the rotation of a man-made light-driven molecular motor at the single-molecule level. [1]
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Jiawen Chen: The synthetic technique used here is designed to allow the synthesis of a complex molecular machine with several functional groups. [1]
1.1.2. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.


Section - Protocol
2. Synthesis of (Triisopropylsilyl)acetylene-Bearing Motor (Compound 6)
First, under an argon (ar-gone /ˈɑːr gɑːn/) atmosphere, place 640 milligrams of the rotor (ro-ter /ˈroʊ tər/) precursor (pree-kur-sur /ˈpriː kɜːr sər/) compound 2, [1-TXT] 219 milligrams of copper(I) iodide (copper-one eye-oh-dyed /ˈaɪ ɵˌdaɪd/), [2] and 3.44 grams of sodium iodide in a 100-milliliter Schlenk (shlengk /ʃlɛŋk/) tube equipped with a stir bar. [3]
2.1.1. MED: Talent measures 640 mg of compound 2 and adds it to the tube. TEXT: See text for compound structures and precursor synthesis references
2.1.2. MED: Talent adds 219 mg of CuI (pre-measured) to the tube.
2.1.3. MED: Talent adds 3.44 g of NaI (pre-measured) and a stir bar to the tube and seals it.
Connect the sealed tube to a Schlenk line and add 50 milliliters of 1,4-dioxane (one-four-dy-ok-sane /daɪˈɒk seɪn/) and 263 milligrams of trans-1,2-diaminocyclohexane (trans-one-two-dy-uh-mee-no-sy-klo-hek-sane /daɪ əˌmiː noʊˌsaɪ kloʊˈhɛk seɪn/). [1] Stir the mixture at 140 degrees Celsius for 24 hours to exchange the bromine (bro-meen /ˈbroʊ miːn/) substituent (sub-stih-choo-ent /ˌsʌbˈstɪ tʃuː ənt/) for iodine (eye-oh-dine /ˈaɪ ɵˌdaɪn/). [2-TXT]
2.1.4. MED: Talent adds pre-measured dioxane and trans-1,2-diaminocyclohexane to the tube. TEXT: Use dry, freshly-distilled solvents and reagents
2.1.5. MED: Talent secures the tube in an oil bath, turns on the stir motor, and sets the bath to 140 °C.
Then, let the mixture cool to room temperature and evaporate the solvent under vacuum. [1] Purify the compound by silica (sil-ih-kuh /ˈsɪl ɪ kə/) gel flash chromatography (kro-muh-tog-ruh-fee /ˌkroʊ məˈtɒg rə fiː/) and remove the volatiles [2-TXT] to obtain the iodine-substituted compound 3 as a sticky yellow oil. [3]
2.1.6. MED: Talent turns off the heat under a mixture that has already been stirring for 24 hours (i.e., containing crude compound 3) and lowers the bath to remove the tube from heat.
2.1.7. MED: Talent collects a fraction containing pure compound 3 from the silica gel column. TEXT: See text for all purification conditions
2.1.8. CU: A close-up view of a vial or tube of compound 3.
Next, place 415 milligrams of Lawesson’s reagent (law-sons ree-ey-jent /ˈlɔː səns riːˈeɪ ʤənt/) and 219 milligrams of compound 3 in a Schlenk flask equipped with a stir bar. [1] Connect the flask to a Schlenk line via a condenser and purge it with argon three times. [2]
2.1.9. MED: Talent adds 415 mg of pre-measured Lawesson’s reagent to a 50 mL RBF containing a stir bar, and then starts measuring out 219 mg of compound 3.
2.1.10. WIDE: With the flask now connected to the condenser and Schlenk line, talent opens the flask to argon, and then evacuates the flask.
Add 10 milliliters of toluene (tall-yoo-een /ˈtɒl juːˌiːn/) and reflux the mixture for 2 hours [1] to convert compound 3 to a thioketone (thigh-oh-kee-tone /ˌθaɪ oʊˈkiː toʊn/). [2]
2.1.11. MED: Talent adds 10 mL of toluene to the flask and starts heating the compound.
2.1.12. CU: 4-5 seconds of footage of the reaction solution refluxing in the flask.
Evaporate the solvent and purify the thioketone by flash chromatography. [1] Remove volatiles from the pure fraction and dissolve the isolated thioketone in 20 milliliters of tetrahydrofuran (teh-truh-hy-dro-fyoor-an /tɛ trəˌhaɪ drɵˈfjʊər æn/). [2-TXT]
2.1.13. MED: Talent applies crude thioketone solution to the top of a silica gel column.
2.1.14. MED: Talent adds 20 mL of THF to a round-bottom flask containing pure thioketone and starts stirring the solution to dissolve the thioketone. TEXT: Use isolated thioketone within 30 min
Next, dissolve 476 milligrams of freshly-prepared compound 4, which is the stator (stay-ter /ˈsteɪ tər/) diazo (dy-ey-zo /daɪˈeɪ zoʊ/) precursor, in another 20 milliliters of THF (T-H-F). [1-TXT]
2.1.15. MED: Talent adds 20 mL of THF to fresh compound 4 and starts stirring the mixture to dissolve the diazo compound. TEXT: Prepare compound 4 ≤ 4 h in advance
Add the solution of compound 4 to the thioketone solution [1] and reflux the mixture under argon for 16 hours while stirring [2] to form the double bond between the rotor and the stator. [3]
2.1.16. CU: Talent adds the diazo solution to the flask of thioketone solution.
2.1.17. MED: With the flask already connected to a Schlenk line via a condenser, talent turns on the stir motor and begins heating the mixture to reflux.
2.1.18. CU: 6-7 seconds of footage of the Barton-Kellogg reaction mixture refluxing.
Evaporate excess solvent, purify the crude product by flash chromatography, and remove the volatiles to obtain [1] motor compound 5 as a red solid. [2]
2.1.19. MED: Talent connects a flask containing a pure fraction of compound 5 to a vacuum line and opens the flask to vacuum.
2.1.20. CU: A close-up view of solid red motor 5.
Next, add 165 milligrams of motor 5, 4.56 milligrams of bis(triphenylphosphine)palladium chloride (biss try-fen-il-foss-feen puh-ley-dee-um klor-ide /ˈbɪs traɪˌfɛn ɪ̈lˈfɒs fiːn pəˈleɪ di əm ˈklɔːr aɪd/), and 2.48 milligrams of copper(I) iodide to a 20-milliliter Schlenk tube equipped with a stir bar. [1] Seal the tube and connect it to a Schlenk line. [2]
2.1.21. MED: Talent measures out 165 mg of motor 5, adds it to the Schlenk tube, and then starts measuring out Pd(PPh3)Cl2.
2.1.22. MED: With the sealed tube now connected to the Schlenk line, talent opens the tube to argon and then evacuates the tube.
Combine 10 milliliters of THF and 2 milliliters of diisopropylamine (dy-eye-so-pro-pil-uh-meen /daɪ aɪ sɵˈproʊ pɪ̈l əˌmiːn/) and bubble argon through the mixture for 10 minutes. [1] Then, transfer the mixture to the Schlenk tube and stir the reaction mixture under argon at room temperature for 10 minutes. [2]
2.1.23. MED: With the mixture of THF and (i-Pr)2NH already connected to the Schlenk line, talent starts bubbling argon through the mixture.
2.1.24. MED: Talent transfers the THF-(i-Pr)2NH mixture to the Schlenk line and starts stirring the reaction mixture.
Add 42 milligrams of (triisopropylsilyl)acetylene (try-eye-so-pro-pil-sy-lil uh-set-ih-leen /traɪˌaɪ sɵ proʊ pɪ̈lˈsaɪ lɪ̈l əˈsɛt ɪ̈ˌliːn/) and continue stirring for 15 to 16 hours to replace the iodine with TIPS-acetylene (tips uh-set-ih-leen /əˈsɛt ɪ̈ˌliːn/). [1]
2.1.25. MED: Talent adds TIPS-acetylene to the stirring mixture, ensures that the tube is sealed when addition is complete, and then moves away from the tube as though leaving the mixture to react overnight.
Then, pour the product mixture into 25 milliliters of saturated aqueous (ey-kwee-us /ˈeɪ kwi əs/) ammonium chloride. [1] Extract the product into three 20-milliliter portions of dichloromethane (dy-klor-oh-meh-thane /daɪˌklɔːr oʊˈmɛ θeɪn/) [2] and wash the combined organic layers once with 50 milliliters of saturated brine. [3]
2.1.26. MED: Talent pours an already-made crude mixture of motor 6 into 25 mL of saturated NH4Cl.
2.1.27. MED: Talent adds 20 mL of DCM to a separatory funnel containing the crude mixture, stoppers the funnel, and shakes the funnel well for several seconds.
2.1.28. MED: Talent adds 50 mL saturated brine to a separatory funnel containing the combined organic layers and stoppers the separatory funnel.
Dry the washed organic layers over sodium sulfate (sul-fate /ˈsʌl feɪt/), filter out the desiccant (dess-ih-kənt /ˈdɛs ɪ kənt/), and remove excess solvent. [1] Purify the residue by flash chromatography and remove the volatiles under vacuum to obtain motor 6 as a brown oil. [2]
2.1.29. MED: Talent pours a mixture of the now-dry organic layers and sodium sulfate into a filtration setup (and turns on the vacuum for vacuum filtration, if applicable).
2.1.30. CU: 8-9 seconds of footage of the pure fraction being concentrated to an oil under vacuum.
3. Ester Hydrolysis of Perylene Bisimide (PBI)-Labeled Motor (Motor 1b) and Assembly of Motor Monolayer (MS-1b) 
In a 50-milliliter flask equipped with a stir bar, combine 90 milligrams of the PBI-labeled (P-B-I labeled) motor 12, [1-TXT] 5 milliliters of THF, 5 milliliters of methanol (meth-uh-nall /ˈmɛθ əˌnɒl/), and 5 milliliters of 1-molar aqueous sodium hydroxide. [2]
3.1.1. MED: Talent measures 90 mg of motor 12 into a 50 mL flask. TEXT: See text for synthesis pathway from compound 6 to compound 12
3.1.2. MED: Talent adds 5 mL each of THF, MeOH, and 1 M NaOH (pre-measured) to the flask from graduated cylinders or other containers.
Stir the mixture at 70 degrees Celsius for 6 hours to hydrolyze (hy-druh-lize /ˈhaɪ drəˌlaɪz/) the esters (ess-ters /ˈɛs tərs/) on the stator. [1] Then, cool the mixture to room temperature while stirring. Add 5 milliliters of doubly-distilled water [2] and remove the volatile solvents by rotary evaporation. [3]
3.1.3. MED: With the flask now fixed in a heating bath over a stir plate, talent turns on the stir motor and sets the heat to 70 °C.
3.1.4. MED: Talent adds 5 mL of ddH2O to a flask containing a mixture that has already stirred for 6 hours and cooled to RT.
3.1.5. CU: 5-6 seconds of footage of the mixture on the rotary evaporator.
Add aqueous 1-molar hydrochloric acid until the mixture reaches pH 1, [1] at which point motor 1b will precipitate (preh-sip-ih-tate /prəˈsɪp ɪˌteɪt/) from solution as a brown solid. [2] Recover the solid by filtration (fil-tray-shun /fɪlˈtreɪ ʃən/), wash it with 10 milliliters of cool water, and dry it under vacuum. [3-TXT]
3.1.6. MED: Talent slowly adds 1 M HCl to the mixture.
3.1.7. CU: 6-7 seconds of footage of the brown solid precipitating from solution when the mixture reaches pH 1.
3.1.8. MED: Talent pours the mixture of brown solid and reaction solution onto a filter paper, and then pours cold water over the solid. TEXT: H2O < 30 °C Video Editor: Please wait to show the text overlay until “wash it…” in the voice-over.
Next, soak quartz slides in piranha solution at 90 degrees Celsius for 1 hour. [1-TXT] Rinse the slides with 5 milliliters of doubly-distilled water three times and with methanol once. [2] Dry the slides with nitrogen gas. [3]
3.1.9. MED: Talent gently places the slides in the warm piranha solution using tweezers. TEXT: 3:7 30% H2O2 in H2SO4; Caution: Piranha solution is highly corrosive
3.1.10. MED: Talent removes the clean slides from the solution and transfers them to the rinse container.
3.1.11. MED: Talent removes a slide from the MeOH rinse and starts drying it with a stream of N2.
Then, prepare a 1-millimolar solution of 3-aminopropyl(diethoxy)methylsilane (three uh-mee-no-pro-pil-dy-e-thok-see-meth-il-sy-lane /əˌmiː noʊ proʊ pɪ̈l daɪ ɛˌθɒk siː mɛθ ɪ̈lˈsaɪ leɪn/) in freshly-distilled toluene. [1] Soak the clean slides in this solution for 12 hours at room temperature, [2] and then rinse the silanized (sy-luh-nized /ˈsaɪ ləˌnaɪzd/) slides with 5 milliliters each of toluene and methanol. [3]
3.1.12. MED: Talent adds toluene to a container holding the needed quantity of 3-APDEMS and starts stirring/mixing the solution.
3.1.13. MED: Talent places clean slides in a labeled container of 3-APDEMS solution.
3.1.14. MED: Talent finishes rinsing a slide in a labeled container of toluene and transfers it to a labeled container of MeOH.
Immerse the slides in toluene and methanol, in sequence, for 2 minutes each, [1] and then dry them under a stream of argon gas. [2]
3.1.15. [bookmark: _GoBack]MED: Talent removes the slide from a labeled container holding toluene and silanized slides and transfers the slides to a labeled container of MeOH. TEXT: 130 W
3.1.16. CU: Talent dries a slide with a stream of Ar gas.
Next, prepare 5 milliliters of a 0.1-millimolar solution of motor 1b in dimethylformamide (dy-meth-il-for-muh-mide /daɪˌmɛθ ɪ̈lˈfɔːr məˌmaɪd/) for each slide. [1] Soak the slides in the 1b solution at room temperature for 12 hours to functionalize (fungk-shuh-nuh-lize /ˈfʌŋk ʃə nəˌlaɪz/) the quartz surfaces with a monolayer (mon-o-lay-er /ˈmɒn ɵˌleɪ ər/) of 1b. [2]
3.1.17. MED: Talent adds DMF to a container holding the needed amount of motor 1b and starts stirring the solution.
3.1.18. MED: Talent immerses clean, dry, silanized slides in a labeled container of 1b solution and then moves away as though leaving them to soak for 12 hours.
Wash the functionalized slides with DMF (D-M-F), water, and methanol, in sequence. [1] Dry the slides with argon gas and store them in a sealed container under argon. [2]
3.1.19. MED: Talent transfers a slide from the container of 1b solution to a labeled container of water.
3.1.20. MED: Talent finishes washing a MS-1b-coated slide in MeOH and starts drying it with a stream of Ar. The DMF and water rinse containers should be visible in shot, if possible.

Section – Results
4. Results: Rotary Motion of Motor 1b in Solution and on Surfaces 
Molecular motor 1b was synthesized in moderate yield, [1] with a rigid phenyl-ethynylene (fen-il eh-thigh-nih-leen /ˈfɛn ɪ̈l ɛˈθaɪ nɪ̈ˌliːn/) tetramer (teh-truh-mer /ˈtɛ trəˌmər/) arm [2] connecting the core of the rotor [3] to the fluorescent tag. [4]
4.1.1. LAB MEDIA: Figure 1 – Video Editor: Highlight motor 1b (i.e., the image at the bottom right of Figure 1 and the ‘1b: R = H’ caption).
4.1.2. LAB MEDIA: Figure 1, motor 1b only (motor1b.ai) – Video Editor: Highlight the sideways brackets, the subscript 4 by the right bracket, and the portion of the diagram between the brackets. (This is the ‘rigid arm’, which is the structure between the brackets repeated four times.)
4.1.3. LAB MEDIA: Figure 1, motor 1b only (motor1b.ai) – Video Editor: Please retain the highlighting above and, in a different color, highlight the top five-membered ring, the two benzene rings attached to it on its right, and the methyl (single line) attached on its left.
4.1.4. LAB MEDIA: Figure 1, motor 1b only (motor1b.ai) – Video Editor: Please retain the highlighting from above and highlight the red section of the molecule (the fluorescent tag) in a third color.
The proton NMR (pro-tawn N-M-R /ˈproʊ tɒn/) spectrum showed [1] no significant vicinal (viss-uh-nul /ˈvɪs ə nəl/) coupling between Ha (H-A) and Hc (H-C), [2] which is consistent with Ha and Hc both being in pseudo-equatorial (soo-doh ek-wuh-tor-ee-ul /ˈsuː doʊ ˌɛk wəˈtɔːr iː əl/) orientations. [3] Axial-equatorial (ak-see-ul ek-wuh-tor-ee-ul /ˈæk siː əl ˌɛk wəˈtɔːr iː əl/) vicinal coupling was observed between Hb (H-B) and Hc. [4]
4.1.5. LAB MEDIA: Figure 4a (lower spectrum and diagram only; no arrows) – Video Editor: On the chemical diagram, please label H3C and Hb as ‘ax’ and label Ha and Hc as ‘eq’ (‘ax’ represents the pseudo-axial orientation and ‘eq’ represents the pseudo-equatorial orientation). Please retain these labels throughout showing Figure 4a (4.2.1-4.3.6, 4.4.2).
4.1.6. LAB MEDIA: Figure 4a – Video Editor: Highlight Ha and Hc in the molecule diagram and highlight the double peak labeled ‘Ha’ at about 2.8-2.9 on the x-axis in the spectrum (graph).
4.1.7. LAB MEDIA: Figure 4a – Video Editor: Highlight the ‘eq’ labels by Ha and Hc in the molecule diagram.
4.1.8. LAB MEDIA: Figure 4a – Video Editor: Highlight Hb and Hc in the molecule diagram, add an arrow pointing to the Hc peaks (small leftmost cluster of peaks) labeled ‘overlapping doublet of quartets’, and add an arrow pointing to the Hb peak labeled ‘overlapping doublet of doublets’.
Irradiation with 365-nanometer light induced [1] isomerization (eye-sawm-uh-rih-zey-shun /aɪˌsɒm ə rɪˈzeɪ ʃən/) around the central double bond [2] to this unstable isomer (eye-so-mer /ˈaɪ sɵ mər/). [3] The downfield shift of the methyl (meth-il /ˈmɛθ ɪ̈l/) signal [4] and the development of vicinal coupling between Ha and Hc both indicated that [5] the methyl group was pseudo-equatorial. [6]
4.1.9. LAB MEDIA: Figure 4 – Video Editor: In 4b, please label CH3 and Hb as ‘eq’ and label Ha and Hc as ‘ax’. Please retain these labels while this molecule is shown (4.3.1-4.4.1; labels to be modified in 4.4.1).
4.1.10. LAB MEDIA: Figure 4 – Video Editor: Highlight the double bond connecting the two five-sided rings in both molecule diagrams.
4.1.11. LAB MEDIA: Figure 4 – Video Editor: Emphasize 4b and highlight ‘Unstable 1b’ under the molecule diagram in 4b.
4.1.12. LAB MEDIA: Figure 4 – Video Editor: Highlight the arrow pointing from the CH3-labeled double peak in 4a to the similar-looking double peak in 4b. (A leftward shift is ‘downfield’.)
4.1.13. LAB MEDIA: Figure 4 – Video Editor: Highlight the arrow pointing from the Ha-labeled peaks in 4a to the small pair of double peaks in 4b and add an arrow pointing up from the small Hc-labeled peak group in 4a to the less-distinct multiplet of a comparable size immediately above it in 4b.
4.1.14. LAB MEDIA: Figure 4 – Video Editor: Highlight ‘CH3’ and its ‘eq’ label in the molecule in 4b.
When the compound was kept in the dark at room temperature, thermal helix inversion released the strain on the molecule, with the naphthalene (naf-thuh-leen /ˈnæf θə liːn/) slipping past the fluorene (fluor-reen /ˈflʊəˌriːn/). [1] This returned the molecule to its original configuration because of the symmetric fluorene stator. [2]
4.1.15. LAB MEDIA: Figure 4b, unstable 1b molecule only – Video Editor: When “released…” is spoken, remove the ‘unstable 1b’ label, change the thick black shading on the benzene rings on the left side of the molecule to light grey to represent the rings moving behind the plane of the page, replace the dashed wedge to Hb with a solid wedge, replace the solid wedge to Ha with a dashed wedge, and change the labels so that CH3 and Hb are labeled ‘ax’ and Ha and Hc are labeled ‘eq’.
4.1.16. LAB MEDIA: Figure 4, molecule diagrams only – Video Editor: Show the adapted 4b molecule (labeled as above) next to the unmodified 4a molecule (with ‘ax’ and ‘eq’ labels on the 4a molecule as in step 4.3).
UV-vis spectroscopy (U-V viz spek-tross-kuh-pee /ˌspɛkˈtrɒs kə piː/) of [1] the stable and unstable isomers [2] showed modest differences in the characteristic absorption (ub-zorp-shun /əbˈzɔːrp ʃən/) regions for the rigid arm and the fluorescent tag. [3]
4.1.17. LAB MEDIA: Figure 5a – Video Editor: Add the caption ‘PSS: Photostationary State, 1 h irradiation’. Please retain this caption throughout showing Figure 5a alone.
4.1.18. LAB MEDIA: Figure 5a – Video Editor: Highlight the legend on the graph.
4.1.19. LAB MEDIA: Figure 5a – Video Editor: Highlight the dashed line (the spectrum for the post-irradiation unstable sample).
The successful assembly of a monolayer of motor 1b on quartz was confirmed by UV-vis spectroscopy. [1] The monolayer required only 15 minutes of irradiation to reach the unstable isomer in the photostationary (fo-toh-stay-shuh-nare-ee /ˌfoʊ tɵˈsteɪ ʃəˌnɛr iː/) state. [2]
4.1.20. LAB MEDIA: Figure 5 – Video Editor: Caption 5a ‘Solution’ and 5b ‘Monolayer’. Please retain these captions throughout showing Figure 5.
4.1.21. LAB MEDIA: Figure 5 – Video Editor: Emphasize 5b and add ‘15 min’ by ‘PSS’ in the legend of 5b.


Section - Conclusion
5. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
Jiawen Chen: It is important to make sure that the diazo and thioketone compounds are freshly made to ensure the successful synthesis of motor 5. [1]
5.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Video Editor: Please see steps 2.7 and 2.8 for shots of using the freshly-prepared diazo and thioketone compounds.
Jiawen Chen: The research field of molecular machines can benefit from this method, as it provides an important guideline to designing, synthesizing, and visualizing complex molecular machines. [1]
5.1.2. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
Jiawen Chen: Piranha solution is used to clean the slides for functionalization. This solution is highly acidic and should be used with caution. [1]
5.1.3. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
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